and a nonexpressing strain (Ri lupini ATCC 10318). We studied the effect of N03-on N2 fLxation activities of those legumeRhizobium combinations.
In our earlier studies (6, 7) , we found that Rhizobium lupini ATCC 10318 and Rhizobium sp. 127E14 bacteroids isolated from lupine and cowpea nodules, respectively, did not express NO3-reductase activity, but R. sp. 32H1 and R. sp. 127E15 bacteroids from cowpea nodules did. Furthermore, we found that R. sp. 127E14 could induce effective nodules on cowpea and R. sp. 127E15 on both cowpea and lupine. We used those findings to test the involvement of bacteroid NO3 reductase in the NO3-effect on N2 fixation activity. Cowpea plants were nodulated with two N03 reductase-expressing strains (R. sp. 32HI and 127E15) and a nonexpressing strain (R. sp. 127E14). Lupine plants were nodulated with a N03 reductase-expressing strain (R. sp. 127E 15) and a nonexpressing strain (Ri lupini ATCC 10318). We studied the effect of N03-on N2 fLxation activities of those legumeRhizobium combinations.
The inhibitory effect of NO3-on the N2 fixation activity of legume root nodules has been under investigation for some time (14). Munns (8) and Gibson (2) have recently published thorough reviews on the subject. There are two hypotheses as to the cause of this inhibition. One has been termed the photosynthate deprivation hypothesis which attributes the decrease in N2 fixation activity to a diminished supply of photosynthate to the nodules caused by N03 reduction in the shoots (10) . The other hypothesis involves a more direct effect and attributes the inhibition to the formation of N02 in the nodules by bacteroid NO3 reductase (2) . Nitrate itself seems not to affect N2 fixation activity in cultures of Rhizobium sp. 32HI (I 1), but N02 inhibits fixation in cultures of Rhizobium sp. 32H1 (11), Rhizobium japonicum bacteroid suspensions (12) , and crude R japonicum bacteroid nitrogenase extracts (5) . In addition, N02 may form a NO compound with leghemoglobin (13) and, thus, prevent leghemoglobin from binding 02, which could interfere with the N2-fixing process.
The presence of an active N03 reductase in some Rhizobium bacteroids has been well documented (1, (5) (6) (7) . So To determine N02 content of nodules, 0.5 g of nodules was macerated in 1 ml of 1 M zinc acetate with a mortar and pestle. After maceration, the total volume was adjusted to 5 ml with deionized H20, and cellular debris was removed by centrifugation at 12,000g for 10 min. One ml of the supernatant was combined with 1.7 ml of 1 M zinc acetate and 1 ml 95% ethanol and centrifuged at 3,000g for 20 min to remove precipitated proteins.
The supernatant from the second centrifugation was assayed quantitatively for N02-by a colorimetric method (9) . Nitrite content was expressed as nmol NO2J/g nodule fresh weight. Each point in Figure 6 represents the mean and SD of three replicates.
RESULTS
Nitrate Effect on Acetylene Reduction Activities of Cowpea Nodules. R. sp. 127E14 bacteroids isolated from effective cowpea nodules showed no N03 reductase activity (7) . The acetylene reduction activity of the R. sp. 127E14-induced nodules from cowpea plants grown continuously in 15 mm N03 (the N03-grown plants) was about 7-15% of the acetylene reduction activity of the nodules from plants grown continuously in the N-free solution (the control plants) (Fig. 1) . When N-free grown plants were given N03 the 27th day after planting, the acetylene reduction activity of the nodules decreased quickly to that of nodules from N03 -grown plants (Fig. 1) .
R. sp. 32H1 and 127E15 bacteroids exhibit active N03 reductase activities (7) . The acetylene reduction activity of R. sp. 32H 1-induced nodules from N03 -grown plants was 27-35% of the activity of nodules from control plants (Fig. 2) . When N-free grown plants were given N03 on the 27th day, the acetylene reduction activity decreased precipitously to approximately the same level as that of nodules from N03 -grown plants (Fig. 2) . Nitrate also drastically inhibited the acetylene reduction activity of nodules induced by R. sp. 127E15 (Fig. 3) . The acetylene reduction activity of nodules from N03 -grown plants was only about 4-13% of the activity of the control plants (Fig. 3) . The inhibitory effect of N03 on the R. sp. 127E15-induced nodules of plants given NO3 on the 27th day was less pronounced than the inhibitory effect on nodules induced by the other two strains of Rhizobium. In this case, the acetylene reduction activity ranged from 30 to 50%1o of the activity of nodules from control plants (Fig.   3 ). The activity did not decrease to that of the nodules from N03-grown plants as did the activities of nodules induced by the other two strains (Figs. 1-3) .
Nitrate Effect on Acetylene Reduction Activities of Lupine Nodules. The acetylene reduction activity of R lupini ATCC 10318-induced nodules from the N03 -grown lupine plants was 33-70%o of the activity of nodules from control plants (Fig. 4) . Adding NO3 to the N-free grown plants the 30th day after planting decreased the activity to that of nodules from the N03--grown plants (Fig. 4) The effect of N03-on R. sp. 127E15-induced lupine nodules was surprising in that the acetylene reduction activities of nodules from N03 -grown plants and the plants given N03 on the 30th day were higher than the activity of nodules from control plants (Fig. 5 When cowpea nodules were induced by Rhizobium strains that have bacteroid N03 reductase activity (R. sp. 32H1I and 127E 15), N02 was detected in the nodules from both the N03--grown plants and plants that received N03-on the 27th day (Fig. 6) . The NO2-content was higher in nodules from the N03--grown plants than in nodules from plants that received N03-on the 27th day. The amount of N02-in all nodules increased with time (Fig.   6 ).
When lupine plants were nodulated by a N03 reductase-expressing Rhizobium strain (R. sp. 127E15), N02-was detected in the nodules from the N03--grown plants and the plants treated with N03-on the 30th day (Fig. 6) . As with cowpea nodules, lupine nodules from the N03--grown plants contained more N02-than plants treated with N03-on the 30th day, and the quantity of N02-accumulated gradually increased with time (Fig. 6 ).
DISCUSSION
Our results confirmed Gibson and Pagan's findings (3) that N02, the product of bacteroid N03 reductase, may not play a role in the inhibitory effect of N03 on acetylene reduction activity. This is evidenced by comparing the effect of NO3 on nodules induced by Rhizobium strains having bacteroid N03 reductase activity with the effect on nodules induced by strains lacking the activity. R. sp. 127E14 bacteroids do not express N03 reductase activity (7) , and the cowpea nodules induced by this Rhizobium strain contained no N02 . However, these nodules are more susceptible to N03 inhibition than cowpea nodules induced by R. sp. 32HI and 127E15 (Figs. 1-3) , both of which express N03 reductase activity (7) , and nodules induced by either of the strains accumulated N02 (Fig. 6) . The same holds true for lupine nodules induced by R. lupini ATCC 10318 and R. sp. 127E15 (Figs. 4-6) . (Figs. 4 and 5) . Moreover, although the acetylene reduction activity of N03-grown cowpea nodules induced by R. sp. 127E15 was as drastically inhibited as other N03-grown cowpea nodules, the inhibition by N03 added on the 27th day was significantly less in nodules induced by R. sp. 127E15 than in other nodules (Figs. 1-3 ). These findings indicate that Rhizobium strains differ in their reactions to N03 .
When lupine plants were nodulated by R. sp. 127E15, the presence of 15 mm N03 in the nutrient solution somewhat stimulated acetylene reduction activity (Fig. 5 ). This experinent demonstrates that when a legume which is more resistant to the N03 effect, is nodulated by a Rhizobium strain which is also more resistant to the N03 effect, the resulting legume-Rhizobium combination has additive resistance to N03 inhibition. This additive effect is also evident in nodule mass of N03-grown lupines nodulated with R. sp. 127E15 (Table I) .
Nitrite accumulated in the nodules is the product of N03 reduction in the bacteroids because in both cowpea and lupine nodules, N02 was detected only when the nodules were induced by Rhizobium strains with N03 reductase activity and only when the plants were grown in the presence of N03 (Fig. 6 ). R. phaseoli 127K 12 and R. leguminosarum 128C53 bacteroids isolated from pole bean (Phaseolus vulgaris L., cv. Kentucky Wonder) and pea (Pisum sativum L., cv. First and Best) nodules, respectively, had no N03 reductase (7) . Nodules from pea and pole bean plants grown in N03 also contained no N02 (Manhart and Wong, unpublished results). The amount of N02 accumulated in nodules is positively correlated with N03 reductase activity of the bacteroids. As shown in our earlier report (7), R. sp. 32H 1 bacteroids isolated from cowpea nodules had N03 reductase specific activity (jimol of N02 formed g protein-' h-') of 993, whereas R. sp. 127E15 bacteroids had only 304. Nitrite content of R. sp. 32H1-induced cowpea nodules was much higher than that of nodules induced with R. sp. 127E15 (Fig. 6) 
